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InvasionMatrix metalloproteinase-1 (MMP-1) is a potential biomarker for chondrosarcoma that is overexpressed at the
invading edges of articular cartilage, and its expression correlates with poor survival rates. However, the molec-
ularmechanisms ofMMP-1 regulation and its potential contribution to chondrosarcoma cell invasion have yet to
be elucidated, especially in shear-activated cells. Usingmolecular biology tools and an in vitro ﬂuid shear model,
we report that shear stress upregulates cyclic AMP (cAMP) and interleukin-1β (IL-1β) release,which in turn pro-
motes the invasion of chondrosarcoma cells via the induction of MMP-1 in a phosphoinositide 3-kinase (PI3-K)-
and ERK1/2-dependent manner. Activated PI3-K and ERK1/2 signaling pathways phosphorylate c-Jun, which in
turn transactivates MMP-1 in human chondrosarcoma cells. Collectively, ﬂuid shear stress upregulates matrix
MMP-1 expression, which is responsible for the enhanced invasion of human chondrosarcoma cells.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Interstitial ﬂuid ﬂow in and around tumor tissue modulates the
mechanical microenvironment, including the shear stress and pressure
force acting on the cell surface and the tethering force on cell–substrate
connections [1]. Using a mathematical model of interstitial pressure-
ﬂuid ﬂow, Jain and colleagues reported that the interstitial ﬂuid velocity
in tumors is nearly zero in the center and increases rapidly in the periph-
ery (up to 4 μm/s [2]), which corresponds to amaximal shear stress level
of ~10 dyn/cm2 [3]. To date, the effect of ﬂuid shear on tumor cell inva-
sion and signaling has not been extensively investigated. Prior work has
shown that application of uniform laminar shear stress (12 dyn/cm2) in-
duced G2/M arrest of metastatic tumor cells, including oral squamous
carcinoma, osteosarcoma and chondrosarcoma cells [3]. Such G2/M
arrest would facilitate the eradication of tumor cells by the immuneAMP, cyclic AMP; IL-1β, interleu-
thritis; PI3-K, phosphoinositide
iences, Northeastern University,
).
ights reserved.system. However, little is known about the effect of lower levels of
ﬂuid shear stress on chondrosarcoma cell function. A critical step of
chondrosarcoma cell invasion into normal tissue is the degradation of
the extracellular matrix (ECM) within and around the tumor. The extra-
cellularmatrix of chondrosarcoma cells is composed primarily of ﬁbrillar
collagens, including types I, II, and IV. The degradation of collagens isme-
diated by the activity of matrix metalloproteinases (MMPs) which con-
stitute a multi-gene family with over 22 members. Speciﬁcally, ﬁbrillar
collagens are degraded by interstitial collagenase (MMP-1), neutrophil
collagenase (MMP-8), and collagenase-3 (MMP-13), which may
cause a loss of mechanical constraint in invasive cells [4]. Importantly,
MMP-1, but not MMP-8 or MMP-13, has been found to be associated
with an increased rate of chondrosarcoma recurrence [5,6]. Recent
work suggests that the siRNA-induced knockdown of MMP-1 reduces
the invasive potential of human chondrosarcoma cells [7]. However,
the role of ﬂuid shear stress in the regulation of MMP-1 in human
chondrosarcoma cells has been largely overlooked. Moreover, it is not
clear if ﬂuid shear stress regulates chondrosarcoma cell invasion via a
MMP-1-dependent mechanism.
In this study,we delineate the signaling pathway involved inMMP-1
induction in shear-activated human chondrosarcoma cells. Speciﬁcally,
we demonstrate that ﬂuid shear stress augments the release of
cAMP and IL-1β, thereby activating PI3-K/AKT- and ERK1/2 mitogen-
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ERK1/2 phosphorylate c-Jun,which in turn binds to themmp-1 promoter
to mediate MMP-1 mRNA and protein synthesis in shear-stimulated
chondrosarcoma cells. Our ﬁndings suggest that ﬂuid shear stress facili-
tates the early, local invasion of chondrosarcoma cells via the activation
of MMP-1, hence gaining insight into potential therapeutic strategies to
combat the invasion of chondrosarcomas.
2. Materials and methods
2.1. Reagents
IL-1β, forskolin and the inhibitors LY294002, U0126, and SP600125
were obtained from Sigma-Aldrich Corp. (St. Louis, MO, USA). Anti-
bodies against β-actin, AKT, p-AKT (Ser 473), ERK1/2, p-ERK1/2
(Thr202/Tyr204), c-Jun, p-c-Jun (Ser 63), and IL-1β and siRNAs
targeting AKT and ERK1/2 were purchased from Cell Signaling Technolo-
gy, Inc. (Danvers, MA, USA). Quinazoline (QNZ) was obtained from Enzo
Life Sciences (Farmingdale, NY, USA). The IL-1β and cAMPenzyme immu-
noassay kits were from Cayman Chemical (Ann Arbor, MI, USA). Recom-
binant human MMP-1 was obtained from R&D Systems (Minneapolis,
MN, USA). All reagents for the qRT-PCR and SDS-PAGE experiments
were purchased from Bio-Rad Laboratories. All other reagents were
from Invitrogen (Carlsbad, CA, USA) unless otherwise speciﬁed.
2.2. Cell culture and shear stress exposure
SW1353 and HS.819.T cells were grown (37 °C and 5% CO2) on glass
slides in DMEM/F12 medium supplemented with 10% FBS as previously
described [8–12]. Before exposure to shear stress, the cells were incubat-
ed for 18 h in serum-free medium supplemented with 1% Nutridoma-SP
(Roche) [13,14]. Using a streamer goldﬂowdevice (Flexcell International,
Hillsborough, NC, USA), the cells were then subjected to various levels of
shear stress for the prescribed periods of time in medium containing 1%
Nutridoma-SP. In select experiments, the indicated concentrations of
the pharmacological agents were added to the medium immediately
prior to shearing. In a separate set of experiments, SW1353 cells were
seeded on 6-cm tissue culture dishes (106 cells per dish) in DMEM/F12
medium supplemented with 10% FBS [11]. Following incubation for
24 h, SW1353 cells were grown in serum-free medium for an additional
24 h before incubation with inhibitors in the presence or absence of
forskolin or IL-1β.
2.3. Quantitative real-time PCR (qRT-PCR)
qRT-PCR assays were performed with the iCycler iQ detection sys-
tem (Bio-Rad) using total RNA and the iScript one-step RT-PCR kit
with SYBR green (Bio-Rad) and the appropriate primers. Using the
MMP-1 sequence (GenBank accession number NM_002421), the fol-
lowing forward (F) and reverse (R) primers were used: 5′-AAGGCCAG
TATGCACAGCTT-3′ and 5′-TGCTTGACCCTCAGAGACCT-3′, respectively.
The GenBank accession number and forward and reverse primers for
GAPDH, which was used as an internal control, are provided in our
prior publications [11,12]. The reaction mixtures were incubated at
50 °C for 15 min, followed by 95 °C for 5 min, and then 35 PCR cycles
were performed with the following temperature proﬁles: 95 °C for
15 s, 58 °C for 30 s, 68 °C for 1 min, and 77 °C for 1 min. Data were col-
lected at the ﬁnal step (77 °C for 1 min) to prevent the inclusion of any
ﬂuorescence from primer dimmers [11,12]. The gene expression values
were normalized to those of GAPDH.
2.4. Western blot analysis
Static and sheared SW1353 cells were lysed in radioimmune precip-
itation assay buffer (25 mM Tris–HCl [pH 7.6], 150mMNaCl, 1% NP-40,
1% sodium deoxycholate, and 0.1% SDS) containing protease inhibitorcocktail (Pierce Chemical Company). The protein content of the cell ly-
sates was determined using a bicinchoninic acid (BCA) protein assay re-
agent (Pierce Chemical Company). The total cell lysates (4 μg) were
subjected to SDS-PAGE, transferred to a membrane, and probed with a
panel of speciﬁc antibodies. Each membrane was only probed with
one antibody. β-actin was used as a loading control. All western hybrid-
izations were performed at least in triplicate using a different cell prep-
aration each time.
2.5. Measurement of the cAMP and IL-1β concentration in the
culture medium
The cAMP and IL-1β levels in the media of both static and sheared
cells were determined using the cAMP and IL-1β enzyme immunoassay
kits following the manufacturer's instructions, respectively. The total
protein in the medium was used as a loading control, and the results
are expressed as pmol cAMP or pg IL-1β per μg of total protein.
2.6. Transfection
SW1353 chondrosarcoma cells were transfected with 100 nM of an
AKT- or ERK1/2-speciﬁc siRNA oligonucleotide. In control experiments,
the cells were transfected with 100 nM of scrambled siRNA. In promoter
assays, SW1353 chondrosarcoma cells were transfected with 1.6 μg/slide
of themmp-1 promoter reporter construct together with the pRL-SV40
vector. The transfected cells were allowed to recover for at least 12 h in
growth medium and then incubated overnight in medium containing
1% Nutridoma-SP before exposure to shear stress.
2.7. Luciferase promoter constructs
A 4435-base pair (bp) mmp-1 promoter construct, which contains
the 5′-ﬂanking region of the human MMP-1 gene from −4372 to
+63 relative to the transcription start site, was generated from
human genomic DNA. The construct was created using speciﬁcally de-
signed forward (5′-CGACGCGTCCTCACATATTTCAAATCCATC-3′) and re-
verse (5′-CCGCTCGAGGGCCTTTGTCTTCTTTCTCAGT-3′) primers, which
included Mlu1 and Xho1 restriction sites (underlined) at their 5′ ends
and 3′ ends, respectively [15]. The amplicon was inserted upstream of
the luciferase reporter gene in the pGL3-basic vector (Promega). Vari-
ous truncations were generated using primers that incorporated the
relevant restriction enzyme sites (underlined) to allow for proper orien-
tation upstream of the luciferase reporter. The following truncated con-
structs were generated using the indicated primers: the −3830 bp
construct, forward 5′-CGACGCGTTTGCTTAAGCCCAAGAGTTTGA-3′; the
−2942 bp construct, forward 5′-CGACGCGTATTCCCCAGCATAAAAAA
ATAT-3′; the −2872 bp construct, forward 5′-CGACGCGTATATGTTT
GAGGCCTTTCACAG-3′; the −2001 bp construct, forward 5′-CGACGC
GTTTAGGCAATTTCCTGTCCAATC-3′; the−1551 bp construct, forward
5′-CGACGCGTGATATCAGTCTTGACGCAGAAA-3′; the −1194 bp con-
struct, forward 5′-CGACGCGTTCTTTTGAATGGAGGAATGCAT-3′; and
the−517 bp construct, forward 5′-CGACGCGTCAGGCAGCTTAACAAA
GGCAGA-3′. All constructs were sequenced and conﬁrmed to be identi-
cal to the sequence of the mmp-1 promoter [15]. For the NF-κB con-
struct, site-directed mutagenesis was used to alter the sequence
between −2886 and −2878 bp from 5′-ATGGAAAAA-3′ to 5′-ATGG
AACCC-3′ in order to block the binding between NF-κB andmmp-1 pro-
moter. Similarly, the AP-1 constructwas also altered between at−1949
and−1955 bp from 5′-TGAGTTA-3′ to 5′-TGATTTA-3′ [16]. All of the
constructs were conﬁrmed by DNA sequencing.
2.8. Promoter assay
Fireﬂy and Renilla luciferase activities were measured using the
Dual-Luciferase Report Assay Kit (Promega) [9,12,17–19]. The ﬁreﬂy
luciferase activity was normalized to that of the Renilla luciferase
Fig. 1. MMP-1 expression in human chondrosarcoma tissues and shear-activated
chondrosarcoma cells. (A) MMP-1 expression in human chondrosarcoma tissue speci-
mens was determined by immunohistochemical staining using an anti-MMP-1 antibody.
Strong immunostaining was detected in ~90% of cancerous tissues, whereas little to no
immunostaining was identiﬁed in normal tissues. (B) SW1353 and (C) HS.819.T cells
were subjected to indicated levels of ﬂuid shear stress (0.1–2.0 dyn/cm2) or static condi-
tions (0 dyn/cm2) for 48 h.MMP-1mRNA, protein and activity levels were determined by
qRT-PCR, western blots and zymography, respectively. The total amounts of GAPDH and
MMP-11 served as internal controls in the qRT-PCR and zymography assays, respectively.
The data represent the mean ± S.E. of three independent experiments. *, p b 0.05 with
respect to the static control.
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ciferase activity after exposure to shearing to that observed under static
conditions unless otherwise stated.
2.9. Chromatin immunoprecipitation (ChIP)
This assay was performed using the EZ ChIP kit (Upstate Biotechnol-
ogy) following the manufacturer's instructions as previously described
[11,17,19]. The forward (F) and reverse (R) primers used for the ampli-
ﬁcation of themmp-1 promoter by qPCRwere 5′-GCAGGCTCTTGCCAGA
TGGG-3′ and 5′-ACCAAAGAACACTTGCCACT-3′, respectively.
2.10. Casein zymography
The activity of MMP-1 was determined using a previously described
method [18]. In brief, the conditioned media from SW1353 cells
was collected andmixed with a non-reducing sample buffer containing
0.5M Tris (pH 6.8), 5% SDS, 20% glycerol, and 1% bromophenol blue in a
1:1 ratio. The sample was electrophoresed in a 10% SDS-polyacrylamide
gel. After electrophoresis, the gel was washed for 1 h at room tempera-
ture in a 2.5% (v/v) Triton X-100 solution to remove the SDS, transferred
to a zymogram development solution (10 mM CaCl2, 50 mM Tris–HCl
[pH 7.4], and 0.02% NaN3), and incubated for 72 h at 37 °C. The gel
was stained for 30 min with 0.1% (w/v) Coomassie brilliant blue (CBB)
in a 50% (v/v)methanol and10% (v/v) acetic acid solution anddestained
in a 20% (v/v) methanol and 10% (v/v) acetic acid solution. The areas of
lysis were observed as white bands against a black background.
2.11. Transwell migration and invasion assay
For these assays, 5 × 104 SW1353 cells treated with 10 μM forskolin,
100 ng/ml IL-1β, or vehicle control were seeded on 24-well Transwell
inserts with an 8-μM pore size (Becton Dickinson, Bedford, MA, USA)
in the absence or presence of LY294002 (10 μM), U0126 (10 μM), or
SP600125 (10 μM). In select experiments, the SW1353 cells were treated
with 1 mg/ml rhMMP-1 or vehicle control after seeding. The lower
chamber contained complete medium with 10% FBS. After culture for
48 h, the cells on the upper side of the chamber were removed with a
cotton swab. Next, the membrane was ﬁxed with 3.7% formaldehyde
and stained with 0.1% crystal violet in PBS (−). By microscopy under
lowmagniﬁcation (×100), ﬁve ﬁelds of vision (up, down, left, right, cen-
ter) were analyzed for each membrane. The number of cells that had
passed through the polycarbonate membrane was determined for each
ﬁeld of view to indicate the migratory ability of the tumor cells. In the
invasion experiments, the polycarbonate membrane was pre-coated
with Matrigel (Becton Dickinson, Bedford, MA, USA) before seeding the
SW1353 cells in the upper chamber. Following the same protocol as de-
scribed above, the number of cells that had passed through the insert
demonstrated the invasive ability of the tumor cells.
2.12. Immunohistochemistry
Human bone tissue microarrays (US Biomax Inc., Rockville, MD,
USA), which were composed of 69 chondrosarcoma and 24 normal
bone tissue cores, were ﬁxed on tissue microarray slides. The slides
were ﬁrst deparafﬁnized with xylene, rehydrated in a graded series of
ethanol, and submerged in 3% hydrogen peroxide to eliminate any
endogenous peroxidase activity. The level of MMP-1 was determined
with an immunohistochemical staining kit (Invitrogen, Carlsbad, CA,
USA) following the manufacturer's instructions.
2.13. Statistical analysis
All data represent the mean ± S.E. of at least three independent
experiments. The statistical signiﬁcance of the differences between the
means was determined using Student's t-test or one-way ANOVAwhere appropriate. If themeanswere found to be signiﬁcantly different,
multiple pairwise comparisons were performed using the Tukey test
[14].
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3.1. MMP-1 overexpression in chondrosarcoma tissues and ﬂuid shear
stress-stimulated SW1353 chondrosarcoma cells
In view of previous observations suggesting thatMMP-1 contributes
to chondrosarcoma cell invasion [5–7], we ﬁrst evaluated the relative
expression levels of MMP-1 in chondrosarcoma tissues compared to
normal bone controls. In accordance with prior published data [5,6],
MMP-1 was highly immunostained in human chondrosarcomas
relative to normal bone controls (Fig. 1A). Because ﬂuid shear modu-
lates tumor metastasis through the regulation of cell adhesion [20],
migration, and invasion [21], we next examined the effects of ﬂuid
shear on chondrosarcoma cell function. A key step of cell invasion into
normal tissue is the MMP-dependent degradation of the ECM. In light
of MMP-1 overexpression in chondrosarcoma tissues (Fig. 1A), we
investigated the effect of ﬂuid shear on MMP-1 induction. The human
SW1353 chondrosarcoma cell linewas chosen as amodel systembecause
it is the most commonly used cell line for bone tumor research [22]. We
also veriﬁed our observations using the HS.819.T chondrosarcoma cell
line as a second model system. Our data reveal that application of ﬂuid
shear stress (2 dyn/cm2 for 48 h) markedly induced the mRNA and pro-
tein expression and activity levels of MMP-1 in both SW1353 and
HS.819.T cells (Fig. 1B, C). Smaller increases were observed at lower
shear stress levels (0.2–1.6 dyn/cm2) (Fig. 1B, C). These data suggest
that ﬂuid shear stress contributes to chondrosarcoma invasion via the
induction of MMP-1.Fig. 2. Fluid shear stress augments the production of cAMP and IL-1β, which in turn upregulate
AKT and ERK1/2 in SW1353 chondrosarcoma cells. SW1353 cells were subjected to ﬂuid shear
SW1353 cells were subjected to ﬂuid shear stress (2 dyn/cm2) or static conditions (0 dyn/cm2)
anti-IL-1βmAb (1 μg/ml) (C, D). The formation of cAMP (A) and the secretion of IL-1β (B) wer
mRNA and protein levels were determined by qRT-PCR andwestern blots, respectively. MMP-1
as internal controls in the qRT-PCR and zymography assays, respectively (C). Phosphorylated A
demonstrated by the similar intensities of total AKT, ERK1/2, and β-actin. These western blots a
represent the mean ± S.E. of three independent experiments. *, p b 0.05 with respect to the st3.2. Fluid shear stress induces the synthesis of cAMP and IL-1β, which in
turn regulate MMP-1 expression and activity via the PI3-K/AKT and
ERK1/2 pathways in human SW1353 chondrosarcoma cells
We next sought to elucidate the signaling cascade that regulates
MMP-1 synthesis in shear-activated SW1353 chondrosarcoma cells.
Given that exogenously added cAMP and IL-1β induce MMP-1 mRNA
synthesis in human monocytes and chondrosarcoma cells [23,24], we
examined the potential contributions of cAMP and IL-1β to the activation
ofMMP-1 in sheared SW1353 cells. As a ﬁrst step, we demonstrated that
the endogenous levels of cAMP and IL-1βwere elevated in SW1353 cells
subjected to ﬂuid shear (2 dyn/cm2) for 48 h (Fig. 2A, B). This shear
exposure markedly upregulated the mRNA and protein expression and
enzymatic activity of MMP-1 in SW1353 cells (Fig. 2C). Interestingly, in-
cubation of SW1353 cells with the adenylate cyclase inhibitor SQ22536
(10 μM) or an anti-IL-1β antibody (1 μg/ml) abrogated the induction of
MMP-1 mRNA and protein synthesis and activity in response to shear
stimulation (Fig. 2C). These pharmacological interventions were also
effective in suppressing the shear-induced phosphorylation of AKT
and ERK1/2 (Fig. 2D). To verify the involvement of the PI3-K/AKT
and ERK1/2 signaling pathways in shear-induced MMP-1 synthesis,
we treated SW1353 cells with the selective PI3-K inhibitor LY294002
(10 μM) or the ERK1/2 inhibitor U0126 (10 μM). These pharmacological
inhibitors diminished the phosphorylation of AKT and ERK1/2 without
affecting their total expression levels (Fig. 3A) and markedly attenuated
shear-induced MMP-1 mRNA and protein expression and activity
(Fig. 3B). To conﬁrm the involvement of these signaling pathways inthe mRNA expression and enzymatic activity of MMP-1 as well as the phosphorylation of
stress (2 dyn/cm2) or static conditions (0 dyn/cm2) for 48 h (A, B). In select experiments,
for 48 h in the absence or presence of the adenylyl cyclase inhibitor SQ22536 (10 μM)or an
e determined using cAMP and IL-1β enzyme immunoassay kits, respectively. The MMP-1
activity was quantiﬁed by zymography. The total amounts of GAPDH andMMP-11 served
KT and ERK1/2 were detected by immunoblotting using speciﬁc Abs. Equal lane loading is
re representative of three independent experiments, all revealing similar results. The data
atic control, #, p b 0.05 compared to shear alone.
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AKT or ERK1/2, which effectively knocked down the protein expression
of AKT or ERK1/2, respectively, relative to cells transfected with the
scrambled siRNA control (Fig. 3C). Depletion of AKT or ERK1/2 also
inhibited MMP-1 mRNA and protein expression and enzymatic activity
(Fig. 3D).
To further verify the involvement of cAMP and IL-1β in the regula-
tion of MMP-1 induction in shear-stimulated SW1353 cells, static ex-
periments were conducted by incubating the cells with forskolin
(10 μM), which activates cAMP formation, or exogenous IL-1β
(100 ng/ml). Treatment of SW1353 cells with forskolin (10 μM) or
IL-1β (100 ng/ml) markedly increased the phosphorylation of AKT
and ERK1/2 (Fig. 4A, B), which in turn resulted in the enhanced mRNA
and protein expression of MMP-1 (Fig. 4C, D). In addition, treatment
with LY294002 (10 μM) or U0126 (10 μM) blocked forskolin- or
IL-1β-induced mRNA and protein expression of MMP-1 (Fig. 4C, D).
The observed reduction in MMP-1 can be attributed to the ability
of LY294002 and U0126 to inhibit the phosphorylation of AKT and
ERK1/2, respectively, in human chondrosarcoma cells (Fig. 4A, B).
Taken together, our data reveal that ﬂuid shear stress upregulates the
production of both cAMP and IL-1β, which in turn induce MMP-1 ex-
pression and enzymatic activity via a PI3-K/AKT and ERK1/2 signaling
pathways.Fig. 3. Fluid shear stress induces MMP-1 synthesis in human chondrosarcoma cells via a PI3-K
(2 dyn/cm2) or static conditions (0 dyn/cm2) for 48 h (A–D). In select experiments, SW1353
U0126 (10 μM) in the presence of ﬂuid shear stress (A, B). In another set of experiments, SW
ERK1/2 before being exposed to ﬂuid shear stress for 48 h (C, D). (A, C) Phosphorylated AKT an
onstrated by the similar intensities of total AKT, ERK1/2, andβ-actin. These gels are representativ
protein and activity levels were determined by qRT-PCR, western blots and zymography, respe
assays, respectively. The data represent the mean ± S.E. of three independent experiments. *, p
treatment.3.3. c-Jun, but not NF-κB, is involved in shear-induced MMP-1
mRNA synthesis
Wenext aimed to identify the key transcription factor(s) responsible
for MMP-1 mRNA induction in shear-activated chondrosarcoma cells.
The promoter of themmp-1 gene contains several consensus sequences,
including those for AP-1 and NF-κB [15,16]. Given the increased phos-
phorylation of AKT and ERK1/2 in shear-activated or forskolin- or
IL-1β-treated chondrosarcoma cells, we examined the potential role of
AKT and ERK1/2 in modulating the activities of c-Jun and NF-κB. As
shown in Fig. 5, the treatment of SW1353 cells with LY294002 or
U0126 diminished the phosphorylation of c-Jun in shear-activated or
forskolin- or IL-1β-treated cells (Fig. 5A–C). These data suggest that
c-Jun is involved in transmitting ﬂuid shear stress signals to regulate
the synthesis of MMP-1 in human chondrosarcoma cells. To validate
this hypothesis, SW1353 cells were treated with the JNK inhibitor
SP600125 (10 μM) and stimulated with ﬂuid shear stress, forskolin, or
IL-1β. Our data reveal that SP600125 markedly suppressed the phos-
phorylation of c-Jun in shear stress-, forskolin-, or IL-1β-stimulated
chondrosarcoma cells (Fig. 5D–F). Similarly, MMP-1 mRNA and protein
expression and enzymatic activity were also inhibited upon the treat-
ment of shear stress-, forskolin-, or IL-1β-activated chondrosarcoma
cells with SP600125 (Fig. 5G–I). In contrast, the treatment of SW1353/AKT- and ERK1/2-dependent pathway. SW1353 cells were subjected to ﬂuid shear stress
cells were incubated with the PI3-K inhibitor LY294002 (10 μM) or the ERK1/2 inhibitor
1353 cells were transfected with a siRNA oligonucleotide sequence speciﬁc for AKT or
d ERK1/2 were detected by immunoblotting using speciﬁc Abs. Equal lane loading is dem-
e of three independent experiments, all revealing similar results. (B, D) TheMMP-1mRNA,
ctively. GAPDH and MMP-11 served as internal controls in the qRT-PCR and zymography
b 0.05 with respect to the static control. §, p b 0.05 compared with the ﬂuid shear stress
Fig. 4. cAMPand IL-1β upregulateMMP-1 expression and activity in SW1353 chondrosarcoma cells. SW1353 cells were treatedwith 10 μM forskolin (A, C) or 100 ng/ml IL-1β (B, D) in the
absence or presence of the PI3-K inhibitor LY294002 (10 μM) or the ERK1/2 inhibitor U0126 (10 μM). The levels of phospho-AKT and phospho-ERK1/2were determined in the cell lysates
bywestern blot analysis using speciﬁc Abs. Equal lane loading is demonstrated by the similar intensities of total AKT, ERK1/2, andβ-actin (A, B). The gels are representative of at least three
independent experiments, all revealing similar results. The protein expression and proteolytic activity ofMMP-1 in the SW1353 culture media was evaluated bywestern blots and casein
zymography (C, D, upper panel), inwhichMMP-11 served as a loading control. TheMMP-1mRNA levelswere determined by qRT-PCR, inwhichGAPDH served as an internal control (C, D,
lower panel). The data represent themean±S.E. of three independent experiments. *, p b 0.05with respect to the static control. #, p b 0.05 comparedwith the forskolin or IL-1β treatment.
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icantly alter the expression or enzymatic activity of MMP-1 upon stim-
ulation with shear stress, forskolin, or IL-1β (Fig. S1).
To verify the involvement of c-Jun in the regulation of shear-induced
MMP-1 mRNA expression, a series of mmp-1 promoter constructs was
generated using the luciferase reporter plasmid pGL3-basic (Fig. 6A,
left panel). First, SW1353 cells were transiently transfected with a con-
struct encompassing the 5′-ﬂanking region of the human MMP-1 gene
from−4372 to +63 bp prior to exposure to ﬂuid shear stress. The ap-
plication of ﬂuid shear stress (2 dyn/cm2) for 48 h markedly increased
(~10-fold)mmp-1 promoter activity in SW1353 cells (Fig. 6A). A similar
10-fold upregulation was observed upon the transfection of SW1353
cells with plasmids containing deletions from −4372 to −3830 bp
(−3830/+63), −3830 to −2942 bp (−2942/+63), −2942 to
−2872 bp (−2872/+63), or−2872 to−2001 bp (−2001/+63). Al-
together, these results suggest that the DNA region between −4372
and−2001 bp upstream of the transcriptional start site is not critical
to the induction of shear-induced mmp-1 promoter activity (Fig. 6A).
However, a further deletion from−2001 to−1551 bp (−1551/+63)
signiﬁcantly suppressed the luciferase activity of the reporter
(Fig. 6A). Bioinformatics analysis of the consensus sequence in the
−2001/−1551 region revealed the presence of an AP-1 site situated
at −1949/−1955 bp, which may be responsible for shear-induced
MMP-1 synthesis. Indeed, introduction of a point mutation into the
aforementioned AP-1 site, but not the NF-κB binding site, resulted in a
marked decrease in shear-activated luciferase activity relative to the
reported wild-type value (Fig. 6B).ChIP assays were performed to demonstrate the binding of
phosphorylated c-Jun to its putative site on the mmp-1 promoter. As
shown in Fig. 6C, the binding of c-Jun to themmp-1 promoterwasmark-
edly increased upon the exposure of SW1353 cells to ﬂuid shear stress
for 48 h. It is noteworthy that SW1353 cells treated with exogenous
SQ22536 (10 μM) or an anti-IL-1β antibody (1 μg/ml) displayed an ap-
parent reduction in the amount of c-Jun bound to themmp-1 promoter
after exposure to shear stress for 48 h (Fig. 6C). Similar observations
weremade upon the treatment of SW1353 cells with the PI3-K inhibitor
LY294002 (10 μM), the ERK1/2 inhibitor U0126 (10 μM), or the JNK
inhibitor SP600125 (10 μM) (Fig. 6C). Similar data were also obtained
using forskolin or IL-1β-stimulated human chondrosarcoma cells
(Fig. 6D, E). Collectively, these data support the notion that c-Jun, but
not NF-κB, functions as a pivotal transcriptional factor that mediates
shear-regulated MMP-1 expression.
3.4. Fluid shear stress activates MMP-1, which in turn induces human
chondrosarcoma cell migration and invasion in vitro
We next wished to decipher the molecular mechanism by which
ﬂuid shear stress promotes chondrosarcoma cell migration and inva-
sion. Previous studies have reported that MMP-1 activation is involved
in chondrosarcoma cell invasion andmetastasis [4–7]. Fluid shear stress
stimulation increased the production of cAMP and IL-1β, suggesting
that cAMP and/or IL-1β transmit the shear stress signals to regulate
human chondrosarcoma cell invasion. In line with this hypothesis,
both forskolin (10 μM) and IL-1β (100 ng/ml) enhanced the migration
Fig. 5. The key role of c-Jun in ﬂuid shear stress-, forskolin or IL-1β-inducedMMP-1 synthesis. SW1353 cells were subjected toﬂuid shear stress (2 dyn/cm2) or static conditions (0 dyn/cm2)
for 48 h (A, D, G) in the absence or presence of the PI3-K inhibitor LY294002 (10 μM), the ERK1/2 inhibitor U0126 (10 μM) (A), or the JNK inhibitor SP600125 (10 μM) (D, G). In select ex-
periments, SW1353 cells were treatedwith 10 μM forskolin (B, E, H) in the absence or presence of the PI3-K inhibitor LY294002 (10 μM), the ERK1/2 inhibitor U0126 (10 μM) (B), or the JNK
inhibitor SP600125 (10 μM) (L, H). In another set of experiments, SW1353 cellswere treatedwith 100ng/ml IL-1β (C, F, I) in the absence or presence of the PI3-K inhibitor LY294002 (10 μM),
theERK1/2 inhibitor U0126 (10 μM) (C), or the JNK inhibitor SP600125 (10 μM) (F, I). The levels of phosphorylated and total c-Jun in the cell lysateswere determined bywestern blot analysis
using speciﬁc Abs. Equal lane loading is demonstrated by the similar intensities of total β-actin (A–F). The protein expression and proteolytic activity of MMP-1 in the SW1353 culturemedia
was evaluated by western blots and casein zymography (G–I, upper panel), in whichMMP-11 served as a loading control. The MMP-1mRNA levels were determined by qRT-PCR, in which
GAPDH served as an internal control (G–I, lower panel). The gels are representative of at least three independent experiments, all revealing similar results. The data represent themean±S.E.
of three independent experiments. *, p b 0.05 with respect to the static control. #, p b 0.05 compared with ﬂuid shear stress, forskolin, or IL-1β treatment alone.
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SW1353 cells with the PI3-K inhibitor LY294002 (10 μM), the ERK1/2
inhibitor U0126 (10 μM)or the JNK inhibitor SP600125 (10 μM)blocked
the ability of exogenously added cAMP and IL-1β to enhance SW1353
cell migration and invasion (Fig. 7A–D). Moreover, incubation of
SW1353 cells with rhMMP-1 signiﬁcantly increased their migration
and invasion, as shown in Transwell assays (Fig. 7E, F). In addition, treat-
ment of SW1353 cells with anti-MMP-1 (1 μg/ml) antibody suppressed
cell migration and invasion (Fig. 7G, H). Collectively, our data demon-
strate that ﬂuid shear stress induces the production of both endogenous
cAMP and IL-1β, which in turn increase MMP-1 mRNA expression and
enzymatic activity via a PI3-K-, ERK1/2-, and c-Jun-dependent path-
ways, thereby promoting the invasive potential of chondrosarcoma
cells (Fig. 8).
4. Discussion
MMP-1 upregulation has been reported in chondrosarcoma cells
[5–7]. Yet, the underlying mechanisms of MMP-1 regulation have yet
to be fully elucidated. Given the elevated expression levels of MMP-1
in chondrosarcoma tissues relative to normal controls [5–7] and the
role of ﬂuid shear stress in regulating tumor metastasis [1,25], we
sought to elucidate the signaling pathway governingMMP-1 regulation
in ﬂuid shear stress-stimulated human chondrosarcoma cells. Speciﬁ-
cally, we demonstrate that ﬂuid shear stress augments the release of
cAMP and IL-1β, which in turn regulate MMP-1 expression via PI3-K-,ERK1/2-, and JNK-dependent c-Jun activating pathways in SW1353
cells (Fig. 8).
MMP-1 is tightly regulated and maintained at basal levels under
physiological conditions. Previous studies detected MMP-1 immuno-
staining in more than 90% of human chondrosarcomas, and showed
that the positive score of MMP-1 staining is signiﬁcantly higher in
human chondrosarcomas than in benign chondroid lesions [26]. In addi-
tion, the ratio ofMMP-1 to TIMP-1 gene expression serves as a biomarker
of chondrosarcomas and is indicative of the rate of chondrosarcoma re-
currence [6]. In accordancewith these prior observations, our data reveal
that MMP-1 immunostainingwas increased in human chondrosarcomas
compared to normal bone controls (Fig. 1A). We also found that
ﬂuid shear stress upregulates MMP-1 expression and activity in human
chondrosarcoma cells. In linewith this ﬁnding, other studies have report-
ed that ﬂuid shear stress induces MMP-1 synthesis in other cell types,
including human periodontal ligament cells [27], rat vascular muscle
smooth cells [28], and human chondrocytes [29]. Collectively, our data
suggest that ﬂuid shear stress potentially contributes to chondrosarcoma
cell migration and invasion via the induction of MMP-1 expression.
Because ﬂuid shear is a physiologically relevant signal that regulates
intracellular signaling pathways, we delineated the molecular mecha-
nisms regulating MMP-1 synthesis in sheared SW1353 cells. We found
that the endogenous production of cAMP and IL-1β by sheared chon-
drosarcoma cells induced MMP-1 expression. This ﬁnding is in accord
with previous observations showing that cAMP agonists and IL-1β are
capable of inducing MMP-1 mRNA expression in human monocytes
Fig. 6. c-Jun is the critical transcription factor for MMP-1 synthesis in human chondrosarcoma cells. SW1353 cells were transfected withmmp-1 promoter expression plasmids (A) or de-
letion constructs (B) before exposure to ﬂuid shear stress (2 dyn/cm2) for 48 h. The resultant luciferase activities,whichwere normalized to the Renilla luciferase activities, weremeasured
using the Dual-Luciferase Reporter Assay Kit. The data represent the mean ± S.E. of three independent experiments. *, p b 0.05 with respect to pMMP-1 (−4372/+63). In select exper-
iments, SW1353 cells were subjected to ﬂuid shear stress (2 dyn/cm2) or static conditions (0 dyn/cm2) for 48 h in the absence or presence of the adenylyl cyclase inhibitor SQ22536
(10 μM), an anti-IL-1βmAb (1 μg/ml), the PI3-K inhibitor LY294002 (10 μM), the ERK1/2 inhibitor U0126 (10 μM), or the JNK inhibitor SP600125 (10 μM) (C). In distinct experiments,
SW1353 cells were treated with 10 μM forskolin in the absence or presence of the PI3-K inhibitor LY294002 (10 μM), the ERK1/2 inhibitor U0126 (10 μM), or the JNK inhibitor
SP600125 (10 μM) (D). In another set of experiments, SW1353 cells were treated with 100 ng/ml IL-1β in the absence or presence of the PI3-K inhibitor LY294002 (10 μM), the ERK1/
2 inhibitor U0126 (10 μM), or the JNK inhibitor SP600125 (10 μM) (E). Cross-linked chromatin was immunoprecipitated using an anti-c-Jun antibody. In the ChIP assays, the anti-RNA
polymerase II antibody was used as a positive control. DNA puriﬁed from immunoprecipitated (IP) and preimmune (Input) specimens was subjected to qPCR ampliﬁcation using primers
for themmp-1 promoter. All experiments are representative of three independent experiments, all revealing similar results. The data represent the mean ± S.E. of three independent
experiments. *, p b 0.05 with respect to the static or vehicle treatment control. #, p b 0.05 compared with ﬂuid shear stress, forskolin, or IL-1β treatment alone.
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that treatment of human osteoarthritic chondrocytes with cAMP-
elevating agents, such as 8-Br-cAMP and forskolin, suppresses IL-1β-induced MMP-1 expression. This discrepancy may reﬂect the divergent
responses of distinct cell types (e.g., chondrosarcoma versus osteoar-
thritic chondrocytes).
Fig. 7. cAMP and IL-1β augment the migration and invasion of human SW1353 chondrosarcoma cells via a PI3-K/AKT- and ERK1/2-dependent MMP-1 activation pathway in Transwell
chemotaxis assays. SW1353 cells were treated with forskolin (10 μM) or IL-1β (100 ng/ml) in the absence or presence of the PI3-K inhibitor LY294002 (10 μM), the ERK1/2 inhibitor
U0126 (10 μM), or the JNK inhibitor SP600125 (10 μM)(A–D)and then subjected to Transwellmigration (A, B) and invasion assays (C, D). In select experiments, SW1353 cellswere treated
with rhMMP-1 (1 μg/ml) or anti-MMP-1 (1 μg/ml) and then subjected to the Transwell migration (E, G) and invasion assays (F, H). These images are representative of six independent
experiments, all revealing similar results. Thedata are reported as the fold change in themigrated or invaded cell number comparedwith the control cells, and represent themean±S.E. of
three independent experiments. *, p b 0.05 with respect to the control cells. #, p b 0.05 compared with the forskolin- or IL-1β-treated cells.
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sarcoma cells via a PI3-K/AKT- and ERK1/2-dependent mechanism. In-
terestingly, the PI3-K and ERK1/2 signaling pathways are potentially
involved in the regulation of MMP-1 expression in diverse cell types,
such as human prostate cancer cells [31] and skin ﬁbroblasts [32]. In
contrast, Deroanne et al. showed that the PI3-K inhibitor LY294002
does not affect MMP-1 expression in siCdc42-transfected human skin
ﬁbroblasts [33]. However, these previous observations suggesting the
involvement of the PI3-K and ERK1/2 signaling pathways in MMP-1
regulation should be interpretedwith caution because theywere gener-
ated using pharmacological inhibitors. To validate our data, we used
RNA interference, and found that depletion of AKT or ERK1/2 blocked
the induction of MMP-1 expression in shear-activated chondrosarcoma
cells.
The promoter of the human mmp-1 gene contains several cis-
elements that can bind diverse trans-acting factors, such as NF-κB andAP-1 [15,16]. Although NF-κB binds to the promoter of the mmp-1
gene, NF-κB speciﬁc inhibitors failed to suppress the induction of
MMP-1 in sheared chondrosarcoma cells, thereby suggesting that
NF-κB is not critical to this process. In marked contrast, we found
that c-Jun phosphorylation, which is transactivated by the PI3-K and
ERK1/2 pathways, is key to shear-inducedMMP-1 expression. This ﬁnd-
ing is consistent with an earlier report that suggests a critical role
for AP-1 in the regulation of MMP-1 expression induced by different
mediators in human keratinocytes [34], ﬁbrocartilaginous cells [35]
and human ﬁbroblasts [36].
A key step of chondrosarcoma cell invasion is the MMP-dependent
degradation of ECM within and around the tumor. We herein show
that cAMP and IL-1β promote the migration and invasion of sheared
chondrosarcoma cells via PI3-K/AKT-, ERK1/2-, and c-Jun-dependent
MMP-1 activation pathways (Fig. 8). This ﬁnding is consistent with a
previous study showing that MMP-1 knockdown reduces the invasive
Fig. 8. Proposed cascade of the signaling events regulatingMMP-1 synthesis in shear-activated human SW1353 chondrosarcoma cells. Fluid shear stress (2 dyn/cm2) induces the produc-
tion and release of cAMPand IL-1β by human SW1353 chondrosarcoma cells. The elevated levels of cAMP and IL-1β stimulate the activity of the PI3-K/AKT and ERK1/2 pathways, which in
turn induce MMP-1 synthesis via a c-Jun-dependent manner. The activation of MMP-1 augments chondrosarcoma cell migration and invasion.
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not elucidate the underlying signaling mechanism [7]. cAMP and IL-1β
have been reported to be involved in the invasion of human tropho-
blasts [37] and ovarian carcinoma cells [38] via an MMP-dependent
pathway. The activation of PI3-K, which is downstream of cAMP and
IL-1β (Fig. 8), induces the invasion of human prostate cancer cells in
an MMP-1-dependent manner [31]. In addition, ERK1/2 is involved in
melanomaMMP-1-dependent invasion [39]. As PI3-K and ERK1/2 phos-
phorylate c-Jun, which in turn regulates MMP-1 expression, our data
suggest that c-Jun is involved in chondrosarcoma cell invasion. Indeed,
we found that treatment of SW1353 chondrosarcoma cells with the
c-Jun inhibitor SP600125 suppressed cell invasion induced by exoge-
nous forskolin or IL-1β. Ourﬁnding is in linewith previous data showing
that c-Jun inducesMMP-1 expression and regulates the invasive activity
of 143B osteosarcoma cells [40].
In summary, we have delineated the signaling pathway by which
ﬂuid shear stress promotes chondrosarcoma cell invasion via an MMP-
1-dependent mechanism. Fluid shear stimulates the production of
cAMP and IL-1β, which induces the phosphorylation of AKT and
ERK1/2. Activated PI3-K/AKT and ERK1/2 signalingpathways phosphor-
ylate c-Jun, which in turn transactivates MMP-1 that is responsible for
the potentiation of the invasion of human chondrosarcoma cells.5. Conclusions
In this study, we found that MMP-1 is markedly induced in human
chondrosarcoma tissues and shear-activated chondrosarcoma cells.
We also deciphered the signaling pathway by which MMP-1 promotes
the invasion of shear-activated chondrosarcoma cells. By reconstructing
and deciphering the signaling pathways involved in MMP-1 induction,
potential therapeutic strategies that interfere with chondrosarcoma
cell invasion may be identiﬁed.
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